better understand neural networks.
Even using a far more elaborate setup, such as magnetic resonance imaging (MRI), one of only a few techniques routinely used in humans, only shows average activity in large regions of the brain, not nearly detailed enough to reveal neuronal signals. Directly observing the dynamics of neural networks in an intact brain has become one of the holy grails of brain research. Now, through a confluence of optical physics, protein engineering, and molecular biology, it is possible to observe directly the neural symphony in the intact brain. A method called two-photon microscopy allows researchers an unprecedented view of the living brain in action, from individual synapses to entire neurons and neural circuits.
Imaging Neurons: Why Two Photons Are Better than One
Neurons and their synapses are microscopic. To study them, scientists often use biological microscopes that utilize a molecular process called fluorescence to generate detailed images. In fluorescence microscopy, scientists add special molecules to the tissue, either as chemicals or by The situation is a lot more challenging for imaging neurons in the intact, living brain. Because the brain's gray matter is so densely packed with cell bodies, neurites, supporting cells, and blood vessels, traditional microscopy falls short of capturing clear, useful images. The brain is as impenetrable to light as a glass of milk, and mostly for the same reasons: When visible light enters the brain, myriad refractile structures randomly deflect it, causing the images to lose contrast and appear hazy or distorted.
Fortunately, a different method, called two-photon microscopy, has provided a solution to the opacity problem. Using the weird physics of quantum mechanics and extremely intense illumination, two-photon microscopy produces crisp images, even in living tissue. The key difference with respect to standard microscopy is the type of illumination light. In two-photon microscopy, invisible infrared light is used to excite fluorescent molecules in the sample, whereas in standard microscopy visible light excites the same types of molecules. In both cases, the resulting excited molecules emit light that we can see. Because infrared photons have lower energy than visible photons, two infrared photons have to effectively combine into one to be energetic enough to excite the fluorescent molecule, resulting in "two-photon" excitation of fluorescence ( Figure 1 ). This strange phenomenon was predicted 85 years ago by the German physicist Maria Goeppert in her doctoral thesis. 1 Because the process of two-photon excitation of fluorescence is extremely inefficient, producing images for microscopy in reasonable time requires illumination light more intense than that on the surface of the sun. A special property of lasers is that they can be focused to a uniquely tiny spot, boosting the concentration of photons, or light intensity. For this reason, two-photon excitation was observed experimentally only after the laser was invented in 1961.
Despite the groundbreaking invention of the laser, standard laser light still was not sufficiently bright for two-photon microscopy. It took about another 20 years to develop specialized lasers that produce trains of extremely short pulses of light (one tenth of a trillionth of a second). These potent laser beams effectively concentrate light in time and, at the point of focus of the two-photon microscope, produce a brightness that exceeds all other light intensities in the known universe.
Aside from the cutting-edge lasers, the remaining mechanics of two-photon microscopy are fairly simple. The laser beam is shaped to a tiny point and scanned in three dimensions over the specimen of interest. Then the fluorescence emitted by the sample is collected as a signal. This fluorescent signal, which represents a single point of the sample illuminated by the laser, is converted into a pixel, showing the corresponding location in the image. Thus the final, complete image is built one laser focal point and corresponding pixel at a time. Though it sounds painstaking, the lasers can move over the brain at high speeds, like a laser light show, producing images at rapid rates, comparable to a motion picture.
Where It Began
Two-photon microscopy was born more than two decades ago at Cornell University, where experts in microscopy and laser physics worked under one roof. 2 But before it took off, many scientists were skeptical about its use in biology, surmising that the kind of extremely intense light was unsuitable to image living biological specimen. On top of that, the high cost and complexity of the early lasers presented a formidable obstacle to biologists. Most importantly, biologists had yet to find a standout application for two-photon microscopy.
The skepticism evaporated with developments in the mid-1990s at Bell Laboratories. Winfried
Denk, one of the inventors of two-photon microscopy, and his collaborators noticed they could actually use the technique to image thick tissues while preserving the wonderful properties of fluorescence microscopy: high spatial resolution and high contrast. Two-photon microscopy is advantageous for imaging thick tissue for multiple reasons 3 . First, the infrared excitation light travels much farther in tissue without having its path perturbed, so the tiny laser focus can be maintained much deeper for imaging. Second, if tissue deflects a photon, it simply bounces out of the brain without producing fluorescent background noise. Third, fluorescence photons can be gathered efficiently to produce a bright signal. And, as it turns out-rather remarkably-the intense infrared excitation light is harmless to biological tissue. As a result, two-photon microscopy produces spectacularly detailed images of living neurons in intact nervous systems ( Figure 2 ). In the past decade, imaging neural activity has progressed into a critical method in brain research.
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What's Ahead
Brain research, which relies on progress in computation, electron, and light microscopy, as well as DNA and RNA sequencing, molecular biology, genetics, chemistry, and applied physics, is entering a rapid phase of discovery. Research methods are evolving and combining in interesting ways to boost brain research. Rapid sequencing methods developed for cancer biology now measure gene expression in single neurons and are beginning to provide a catalog of the brain's neuron types. 9 New anatomical methods derived from virology enable a mapping of the connections between those neuron types. 10 Optogenetic reagents allow scientists to manipulate the electrical signals in neurons with light and evaluate how these neurons contribute to animal behavior.
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The story of two-photon microscopy illuminates several points with respect to technology development and scientific discovery. New technologies ring in rapid phases of discovery. Often these technologies bring together multiple disciplines in unexpected ways. Two-photon microscopy would have struggled to take off without the boost of laser technology. And without the cloning and Research Foundation. Svoboda is a member of the National Academy of Sciences (USA).
